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Abstract 

' First radial excitations of the scalar meson nonet and pseudoscalar mesons 

r], r]' are described in a nonlocal chiral quark model of the Nambu-Jona- 
Lasinio type with 't Hooft interaction. In this model simple form factors 
are used, which allows us to describe first radial excitations of the mesons 
and to conserve the gap equations describing spontaneous breaking of chiral 
' symmetry in the standard form. The external parameters of form factors are 

fixed by masses of excited pseudoscalar mesons and the same form factors 
are used for predicting the masses of excited scalar mesons. Strong decays of 
i excited scalar mesons and rj, ?/ mesons are described in satisfactory agreement 

I with experiment. 
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1. INTRODUCTION 



In our previous papers a nonlocal chiral quark model of the Nambu-Jona-Lasinio 

(NJL) type was suggested to describe the first radial excitations of mesons. The nonlocality 
was introduced into the effective four-quark interaction through form factors represented 
by first order polynomials of the quark momentum squared k"^. In [jl| it was shown that 
such form factors can be rewritten in a relativistic form and the internal parameters of 
these form factors (slope parameters) can be chosen so that the quark condensates and gap 
equations appearing in the standard NJL model are unchanged. With the form factors thus 
introduced, all the low energy theorems are fulfilled in the chiral limit (see 

In papers this model was used for describing the mass spectrum of excited pions, 

kaons and of the nonet of vector mesons. The main strong decays were also described therein. 

Attempts to construct a model for describing radially excited meson states were made, 
e. g. in [^] where a model with quasilocal four-quark interaction in the polycritical regime 
was proposed. Different nonlocal models H^-^ were also suggested. 

With the present work, we accomplish the invesigation of the excited pseudoscalar meson 
nonet, considering the excited states of rj and rj' and studying the first radially excited states 
of the scalar meson nonet. 

For a correct description of the rj, rj' and isoscalar scalar meson masses it is necessary, in 
addition to the standard four-quark interaction, to introduce six-quark 't Hooft interaction 
which breaks the chiral symmetry and helps to solve the so called Ua{^) problem. Contrary 
to the nonlocal four-quark interaction, 't Hooft vertices are pure local in accordance with 
thier instantoneous origin. 

The 't Hooft interaction gives rise to mixing of four pseudoscalar states rj, rj', fj and r)' 
(the caret symbol stands for radially excited meson states) and four scalar states a, a, /o, 
/q. After diagonalization of the free meson Lagrangians, we get the mass spectrum of these 
meson states. 

Each of the form factors we used has two arbitrary parameters: the slope parameter da 
and external parameter Cq. There are three slope parameters — duu, dus, and dss- They are 
uniquely defined by the condition that the excited mesons do not contribute to the quark 
condensate (tadpoles including one form factor in the vertex equal to zero) and therefore 
do not contribute to the gap equations. Meanwhile, the constituent quark masses remain 
constant. The external parameter Cq, influences the interaction of excited states of mesons 
with quarks or the corresponding four-quark interaction. For the pseudoscalar and vector 
mesons we define these parameters, using the masses of excited states of mesons. However, 
for the scalar mesons we use the same form factors as for the psudoscalar ones. Thus, we 
can predict the masses of excited scalar meson states. They turn out to be in satisfactory 
agreement with experiment and allow us to identify the members of scalar meson nonets 
and tell us which of them are ground and which are radially excited states. This problem is 
discussed in the Conclusion. 

After fitting the parameters Cq and defining the basic model parameters (constituent 
quark masses m„ and (m„ ~ rrid), ultraviolet cut-off A, four-quark coupling constant 
G and 't Hooft coupling constant K), we can describe all the strong coupling constants of 
mesons and calculate their strong decay widths. 

Our paper is organized as follows. In Sec. 2, we introduce the chiral quark Lagrangian 
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with nonlocal four-quark vertices and local 't Hooft interaction. In Sec. 3, we calculate the 
effective Lagrangian for isovector and strange mesons in the one-loop approximation. There 
we renormalize meson fields and transform the free part of the Lagrangian to the diagonal 
form and obtain meson mass formulae. Section 4 is devoted to isoscalar mesons where we 
find masses and mixing coefficients. The model parameters are discussed in Sec. 5. In 
Sec. 6, we calculate the widths of main strong decays of excited states of oq, a, /o and 
mesons. In Sec. 7, we investigate strong decays of the first radial excitations of rj and rj' . In 
Sec. 8, we analyze our results and compare them with experimental data. Some details of 
the calculations fulfilled in Sec. 4 and 6 are given in Appendices A and B. 



2. [/(3) X C/(3) CHIRAL LAGRANGIAN WITH EXCITED MESON STATES AND 

'T HOOFT INTERACTION 

We use a nonlocal separable four-quark interaction of a current-current form which ad- 
mits nonlocal vertices (form factors) in the quark currents, and a pure local six-quark 't 
Hooft interaction P,p!0|: 

q)= j d'x q{xm ' m')q{x) + 4ni + 42, (1) 

42 = ^ d'^Y. T.[jU^)rsA^) + jp.(^)jp.(^)], (2) 

^ a=Oj=l 

42 = -K [det [g(l + 75)g] + det - 75)?]] • (3) 



Here, mP is the current quark mass matrix [m^ ~ m°) and js{p) i denotes the scalar (pseu- 
doscalar) quark currents 



Js{P),ii^) = J d xid X2 q{xi)Fs^p) ,-{x; Xi, X2)qix2) (4) 

where Fg^^p^^^^x; xi, X2) are the scalar (pseudoscalar) nonlocal quark vertices. To describe the 
first radial excitations of mesons, we take the form factors in momentum space as follows 
(see H), 

F|^.(k) = A"/;, F^^^=tj,X-f- (5) 

f^^Uk) = Cail + dX), (6) 

where A° are Gell-Mann matrices. A" = ^§1, with 1 being the unit matrix. Here, we 
consider the form factors in the rest frame of mesons[^ 



^^The form factors depend on the transversal parts of the relative momentum of quark-antiquark pairs 
kj_ = k — ^r^*, where k and P are the relative and total momenta of a quark-antiquark pair, respectively. 
Then, in the rest frame of mesons, P meson = 0, the transversal momentum is k± — (0, k), and we can define 
the form factors as depending on the 3-dimensional momentum k alone. 
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The part of the Lagrangian ([^), describing the ground states and first radial excitations, 



can be rewritten in the following form (see [§] and [p!0|]): 

G 



C = J d'x!^q{x){z^ - m')q{x) + | ^ [(j^,^ (^))' + {jp, 



(X 



+ 



a=l 



+ 



(7) 



GL\qix)^uq{x)){q{x)Xsq{x)) + G'i^J{q{x)i-f5Kq{x)){q{x)i-f5^sq{x)) 



where 



Ti = \i (i = l,...,7), Tg = A„ = (v^Ao + A8)/V3, 

rg = A, = (-Ao + V2Xs)/V3, (8) 

gS^) = G^^^ = G^^) = G ± 4irm,/i(m,), 

G'f^ = G^^^ = G^i^^ = G^^^ = G ± 4Km„/i(m„), 

Gi±) = Gt AKmshirris), G^^^ = G, G^t^ = ±4v^irmai(mJ. 

Here and are the constituent quark masses and Ii{mq) is the integral which for an 
arbitrary n is defined as follows 



(9) 



The 3-dimensional cut-off A3 in is implemented to regularize the divergent integral^. 

3. THE MASSES OF ISOVECTOR AND STRANGE MESONS (GROUND AND 

EXCITED STATES) 

After bosonization, the part of Lagrangian (|^), describing the isovector and strange 
mesons, takes the form 



'^^(0-0,1) -^0,1' ^1) -^1' '^0,2, -f^o,2, 7r2, K2) 



^0,1 



TV-* 2 2 T^2 

K 



2Gao 2G^ G 



7 2 



1 + 



m 



a=l i=l 



0- ■ + ^TsV' • 



(10) 



where m = diag(m„, m^, m^) is the matrix of constituent quark masses (m„ ^ md), cr'^ and 



b'j are the scalar and pseudoscalar fields: Z]a=i ("^ 



3 f„a\2 — „2 _ („(d \2 I 0^ + 



2)For instance, /i(m) = ^^^^ [xVx'^ + 1 - ln(a:; + \/x2~rT)] 



a;— A3 / m ' 
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a\2 



(7rO)2 + 27r;7r7,EL4(^|)^ = 



2K| = 2KjKj + 2Kj'Kj . As to the coupling constants Ga, they will be defined later (see 
Sect. 5 and (g)). 

The free part of Lagrangian (|T0|) has the following form 



i,j=l a=l 



where the coefficients K^^^^.j(P) are given below 



G 



(T) 
a 

1 



/a3 (27r)4 ^ + f /2 - 



cr((/p) 



^ - f /2 - m^, 



^ 7 



'11^ 



(12) 



(13) 



m„ (a = l,...,7); m°, = m^, (a = l,...,3); m", = (a = 4,..., 7), 



(14) 



with and being the constituent quark masses and /" defined in (|). Integral (|T2D is 
evaluated by expanding in the meson field momentum P. To order P^, one obtains 



where 



,(P^-(m^±m^,)' 



^CT<'{99<'),l)' 



K. 



ct{<^),22 



^.%),12(^)=^.%),2l(^) 



7:(,)(P'-K±<')'), 



va — AT°- 



2 5 



7: 



2 5 



(15) 



(16) 



and 



= zz:,, z% 



rya 



1% = Z^'^ll 



1 — i^a{^),l) ^ 



M: 



( rva \— 1 



.Ga 



(T) 



4(/i(m")+Ji(mM) 



--4(//^'^(m«) + /p(mM) 



The factor Z here appears due to account of vr — ai-transitions 

6 m?, 



Z = 1 - 

and the integrals I^"^ contain form factors: 



M2 

ai 



(17) 

(18) 
(19) 

(20) 
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/a(k)../„(k) 



(27r)4 A3 ((m")2 - A;2)((mM2 - k^) ' 



Further, we consider only the scalar isovector and strange mesons because the masses 
pseudoscalar mesons have been already described in 0. 
After the renormalization of the scalar fields 



the part of Lagrangian (^) which describes the scalar mesons takes the form 



1 



(2) 



2 V 



where 



rfa 



After the transformations of the meson fields 



Lagrangians (|23|) and (^4]) take the diagonal form: 



L?^ = liP'-Ml)al + \iP'-Ml)al 



O-O 
'(2) 



Here we have 



M, 



(ao,ao) 



2(1 -r2j 



M. 



Mk* 1 + ^I:- 2 ± 



+ 4m: 



iK^Ki) 2fi - r 



(Mi.,, - Ml.J^ + (2M^.,iM^.,2r^.; 



+ irriu + 



6 



and 



tan 29, 




Mla^^ - M. 



cr",2 



M2 , + Ml 



29. 



'29^,a + vr, 



(31) 



sinC = \/^^- (32) 

The caret symbol stands for the first radial excitations of mesons. Transformations ( pG]) 
express the "physical" fields a and a through the "bare" ones cr"^ and for calculations, these 
equations must be inverted. For practical use, we collect the values of the inverted equations 
for the scalar and pseudoscalar fieldsQ in Table |. 



4. THE MASSES OF ISOSCALAR MESONS (THE GROUND AND EXCITED 

STATES) 

The 't Hooft interaction effectively gives rise to the additional four-quark vertices in the 
isoscalar part of Lagrangian (|^) : 

9 

Asosc = [{Q^aq)Tab{qrbq) + {qil5Taq)Tab{qi^5rbq)] (33) 

a,b=S 

where T^^^^ is a matrix with elements defined as follows (for the definition of G^^^^ 
and Gi^) see (i) 



This leads to nondiagonal terms in the free part of the effective Lagrangian for isoscalar 
scalar and pseudoscalar mesons after bosonization 



Asosc(a,^) = -i E [<iT')-ab'^1 + vUT'')-bVi 

a,b 



a,b=8 

a=8 

^ 9 2 

10 — m 



^ In ^ + -jf^ E E + ^75^,1/; ) , (35) 

a=8 i=l 



where [T^^^^] ^ is the inverse of T^(^): 



Although the formulae for the pseudoscalars are not displayed here (they have been already obtained 
in we need the values because we are going to calculate the decay widths of processes where pions and 
kaons are secondary particles. 
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(T^(^^)9t = = - (GW)^. ^^^^ 

From (|35|), in the one- loop approximation, one obtains the free part of the effective La- 
grangian 



^^'^ 0) = ^ E E {^tK!^S iP)^) + ^KS (^) V'S • (37) 

^ i j=l a,b=8 

The definition of K^^^^-^ ■ is given in Appendix A. 

After the renormahzation of both the scalar and pseudoscalar fields, analogous to (0), 
we come to the Lagrangian which can be represented in a form slightly different from that 
of (0). It is convenient to introduce 4- vectors of "bare" fields 

V /'^8r „8r „9r „9r\ ^ /,„8r ,„8r ,„9r ,„9r\ /oq\ 

^ = (^1 )Cr2 ), = (V^l ,f2 ^'P2 )■ {'^^) 

Thus, we have 

$) = ^ E (S./Cs,.,(P)S, + $,/C$,,(P)%) (39) 

where we introduced new functions /Cs('i>),ij(-P) (see Appendix A). 

Up to this moment one has four pseudoscalar and four scalar meson states which are the 
octet and nonet singlets. The mesons of the same parity have the same quantum numbers 
and, therefore, they are expected to be mixed. In our model the mixing is represented 
by 4 X 4 matrices i?"^^*^) which transform the "bare" fields erf'', af'^, ip^'^and ipf"^, entering 
the 4-vectors S and $ to the "physical" ones a, a, /o, /o, ?7, f]', f) and fj' represented as 
components of vectors Sph and $ph: 



■Jph 



(a, a, fo, fo), $ph = iv, v', v) (40) 



where, let us remind once more, a caret over a meson field stands for the first radial excitation 
of the meson. The transformation i?'^*^'^-' is linear and nonorthogonal: 



-'ph 



<l>ph = R'^<l>. (41) 



In terms of "physical" fields the free part of the effective Lagrangian is of the conventional 
form and the coefficients of matrices R"^'-^^ give the mixing of the uu and ss components, 
with and without form factors. 

Because of the complexity of the procedure of diagonalization for the matrices of di- 
mensions greater than 2, there is no such simple formulae as, e.g., in (^61) . Hence, we do 
not implement it analytically but use numerical methods to obtain matrix elements (see 
Table 0). 
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5. MODEL PARAMETERS AND MESON MASSES 



In our model we have five basic parameters: the masses of the constituent u{d) and s 
quarks, m„ = nid and nis, the cut-off parameter A3, the four-quark couphng constant G and 
the 't Hooft couphng constant K. We have fixed these parameters with the help of input 
parameters: the pion decay constant = 93 MeV, the p-meson decay constant Qp = 6.14 
(decay p 27r)0, the masses of pion and kaon and the mass difference of r] and rj' mesons 
(for details of these calculations, see P,P|pi][). Here we give only numerical estimates of 
these parameters: 

m„ = 280 MeV, m, = 405 MeV, A3 = 1.03 GeV, 

G = 3.14 GeV-^ K = 6.1 GeV'^ (42) 

We also have a set of additional parameters Cgg^'^"^ in form factors /2 . These parameters are 

/ f K K* 

defined by masses of excited pseudoscalar mesons, c^jf° = 1.44, c^^ = 1.5, Cus " = 1.59, 
c^f = 1.66. The slope parameters dgg are fixed by special conditions satisfying the 
standard gap equation, duu = —1.78 GeV~^, dus = —1.76 GeV~^, d^s = —1.73 GeV^^ (see 
0). Using these parmeters, we obtain masses of pseudoscalar and scalar mesons which are 
listed in Table |T| together with experimental values. 

From our calculations we come to the following interpretation of /o(1370), /j(1710) 
and ao(1470) mesons: we consider them as the first radial excitations of the ground states 
/o(400 - 1200), /o(980) and ao(980). Meanwhile, the meson /o(1500) is likely a glueball. 
However, this is just our supposition. Only consideration of a version of the NJL model 
with glueball states (or dilatons) will allow us to clarify the status of /o(1500) and /o(1710). 



6. STRONG DECAYS OF THE SCALAR MESONS 



The ground and excited states of scalar mesons /o, oq decay mostly into pairs of pseu- 
doscalar mesons. In the framework of a quark model and in the leading order of 1/Nc 
expansion, the processes are described by triangle quark diagrams (see Fig.l). Before we 
start to calculate the amplitudes, corresponding to these diagrams, we introduce, for conve- 
nience, Yukawa coupling constants which naturally appear after the renormalization ( p2D of 
meson fields: 

= 9^Aa=l,2,3,S = [4/2(m„)]"^/^ gx* = 9a-\a=4,5A7 = [4/2 (m„, m,)] "^/^^ 

9as = 9as = [4/2(m^)]~^/^ g^a = Z~^^'^g^a 

diT = 9<p''\a=l,2,3 ' 9k = 9v''\a=4,5,6,7 ' 9<Pu = 9^», 9h>s = 9ip'^ (43) 



^^Here we do not consider vector and axial-vector mesons, however, we have used the relation gp = V^Qa 
together with the Goldberger-Treiman relation = ^ Z~^l'^g„ to fix the parameters m„ and A3 (see 
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= 9a-\a=l 0,3,8 = [4/|^("^n)] , 9K* = 9a- 



a=4,5,6,7 



[AI^^ (rriu, nis)] 



-1/2 



9as = 9a'^ = [4:12^ (ms)] 
9tt = fi'</5"L=l,2,3 ' 9K = ^</3"la=4,5,6,7 ' 9'fiu = 9ip^^ 9fs = ^-fi^ 



-1/2 



(44) 



They can easily be related to ^"(<^) j introduced in the beginning of our paper. Thus, the 
one-loop contribution to the effective Lagrangian can be rewritten in terms of the renormal- 
ized fields: 



Ci-\oop{cr,ip) = iiVcTrln 



1 + 



1 



m 



a=l 



{ga-Cr2 +1759.^-^2) fa] 



(45) 



All amplitudes that describe processes of the type a (pi(p2 can be divided into two 
parts: 



^4^_Tr[(m + ]t + i>^h5{m + |()75(m + f- ^^)] 



^"^'"'^^ (27r)V ■^(m2-A;2)(m2-(A; + pi)2)(m2-(A;-p2)') 



4mC 



(2vr) 



1 - 



Pi ■P2 



m? — fc2 



A3 



m? — {k + piY){rn? — (A; — P2Y) 



= AmC[l2{m,pi,p2) -Pi ■ P2h{rn,pi,p2)] = T^^^^ j^t^^) (45) 
here C = AgaQ^p^g^p^ and pi, p2 are momenta of the pseudoscalar mesons. Using (|43|) and 



(|I^), we rewrite the amplitude T^^^p^^p^ 



in another form 



T 

-^a^ipiLp'z ~ 



4mZ-i/2 



9^1 



I~pi-P2 



him) 



p,.p^ = -[Ml-Ml-M^ 



^2> 



(47) 
(48) 



We assumed here that the ratio of Is to I2 slowly changes with momentum in comparison 
with factor pi ■ p2, therefore, we ignore their momentum dependence in (^Tj). With this 
assumption we are going to obtain just a qualitative picture for decays of the excited scalar 
mesons. 

In eqs. ( ^61) and (^T]) we omitted the contributions from the diagrams which include form 
factors in vertices. The whole set of diagrams consists of those containing zero, one, two and 
three form factors. To obtain the complete amplitude, one must sum up all contributions. 

After these general comments, let us consider the decays of ao(1450), /o(1370) and 
/j(1710). First, we estimate the decay width of the process do — > rjTi, taking the mixing 
coefficients from Table | and |l| (see Appendix B for the details). The result is 



0.2 GeV, 



(49) 



t£L,^ ^ 3.5 GeV, 



(50) 
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r^^^r,^ ^ 160 MeV. (51) 

From this calculation one can see that T^^^ <^ T^"^^ and the amplitude is dominated by 
its second part, T^'^\ which is momentum dependent. The first part is small because the 
diagrams with different numbers of form factors cancel each other. As a consequence, in all 
processes where an excited scalar meson decays into a pair of ground pseudoscalar states, 
the second part of the amplitude defines the rate of the process. 

For the decay gq —>■ irrj' we obtain the amplitudes 

Till,^, ^ 0.8 GeV, (52) 



tSL,> ^ 3 GeV, (53) 

and the decay width 

ra„^.,' ^ 36 MeV. (54) 

The decay of into kaons is described by the amplitudes T^^^^^k+k- and T^^^^ko^o which, 

in accordance with our scheme, can again be divided into two parts: T^^^ and T^^) (see 
Appendix B for details): 

T^Hk^k- «^ 0.2 GeV, (55) 



tHIk^k- ^ 2.1 GeV. (56) 

and the decay width is 

^ao^KK = T^^^^K+K- + ^ao^ROKO ~ 100 MeV. (57) 

Qualitatively, our results do not contradict the experimental data. 

rf^ = 265 ± 13 MeV, BR(ao KK) : BR{aQ nrj) = 0.88 ± 0.23. (58) 

The decay widths of radial excitations of scalar isoscalar mesons are estimated in the same 
way as it was shown above. We obtain: 

_ f 550 MeV(M^ = 1.3 GeV) . . 

a^nn - j MeV(M^ = 1.25 GeV), ^ ^ 



24 MeV(M<, = 1.3 GeV) 
15 MeV(M^ = 1.25 GeV), 



(60) 



^ r 6 MeV(M^ = 1.3 GeV) , 
1 5 MeV(M^ = 1.25 GeV), ^ ' 
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Va^KK ~ 5 MeV, 



(62) 



r/o(i7io)- 


-+27r 


^ 3 MeV, 


r/o(1500)- 


-*2tt 


^ 3 MeV, 


r/o(i7io)- 




^ 40 MeV, 


r/o(1500)- 


■*2r, 


^ 20 MeV, 


r/o{i7io)- 




^ 42 MeV, 


r/o{1500)- 




^ 10 MeV, 


r/o{i7io)- 


■*KK 


^ 24 MeV, 


r/o{1500)- 


■*KK 


^ 20 MeV. 



(63) 



The decays of /o(1500) and /o(1710) to crcr are negligibly small, so we disregard them. 

Here we desplayed our estimates for both /j(1710) and /o(1500) resonances. Comparing 
them will allow us to decide which one to consider as the first radial excitation of /o(980) 
and which a glueball. From the experimental data: 

r*;;* = 200 - 500 MeV, Vf^^mo) = 133 ± 14 MeV, Tf^^i^oo) = 112 ± 10 MeV (64) 

we can see that in the case of /o(1500) being a qq state there is deficit in the decay widths 
whereas for /j(1710) the result is close to experiment. From this we conclude that the meson 
/j(1710) is a radially excited partner for /o(980) and the meson state /o(1370) is the first 
radial excitation of /o(400 — 1200). As to the state /o(1500), we are inclined to consider it 
as a glueball which significantly contributes to the decay width.|^ 

The first radially excited state of the strange scalar Kq decays mostly to Kir and is 
characerazed by the width 

^Ks^K. ^ 300 MeV. (65) 
This value is in agreement with experiment: 

r^l(i430)^K. ^ 287 ± 23 MeV. (66) 
The strong decays widths of the ground states of scalar mesons were calculated in paper 



10 1 in the framework of the standard NJL model with 't Hooft interaction where it was 
shown that a strange scalar meson state with mass about 960 MeV decays into Kn with 
the rate 

3 /mums\'^ 



, ^ I ° ^ — ^ 360 MeV (67) 



From comparing this result with the analisys of phase shifts given in [12| where an evidence 
for existence of a scalar strange meson with the mass equal to 905 ± 50 MeV and decay 
width 545 ± 170 MeV is shown, we identify the state ^^"0(960) as a member of the ground 
scalar meson nonet. The state ^^0(1430) is thereby its first radial excitation. 



^) Let us emphasize again that it is only our preUminary conclusion. A more careful investigation of this 
problem will be done in our further works. 
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7. STRONG DECAYS OF r/(1295) AND r/(1440). 



The mesons 77(1295) and ?7(1440) have common decay modes: Oott, t/tttt, ri{'7nT)s-wave, 
KKtt, moreover, the heavier pseudoscalar ?7(1440) decays also into KK* . For the processes 
with two secondary particles, the calculations of decay widths are done in the same way as 
shown in the previous section, by calculating triangle diagrams similar to that in Fig. 1. 

Let us consider the decay a^Ti. The corresponding amplitude is of the same form 
as given in (^) for decays of the type a — ^ '{>i'{>2- It can also be divided into two parts T*^^) 
and T*^^) which in our approximation are constant and momentum- dependent in the sense 
explained in the previous section (see (^) and the text below): 

tI\^ ^ 0.3 GeV, (68) 



nZa,. ^ -1 GeV. (69) 

Therefore, the decay width is 

r^^,„^ ^ 3 MeV. (70) 

The decay 17 — > rj{Tm)s-wave is nothing else than the decay fj ^ rja v{'^'^)s-wave where 
we have the a-meson in the final state decaying then into pions in the S-wave. We simply 
calculate f) rja, with cr as a decay product. 

The calculation of decay widths for the rest of the decay modes with two particles in the 
final state is similar and the result is given in Table [rv| . 

The decay fj' — >■ KK* differs from the other modes by a strange vector meson among the 
decay products. In this case we have 

Ti;,^Kj,. = ^iPi+P2r([9u9K9K*l2iu, s) + ...]- (71) 
\/2[gsgK9K*l2{u,s) + ...]^ (72) 

where pi is the momentum of fj'; p2, the momentum of K; and dots stand for the terms with 
form factors (not displayed here). These two parts are of the same order of magnitude and 
differ in sign and therefore cancel each other, which reduces the decay width up to tens of 
keV: 

T^^,^KK' ~ 70 keV. (73) 

When there are three particles in the final state, poles appear in amplitudes, related 
to intermediate scalar resonances. As it is well known from vrvr scattering, these diagrams 
can play a crucial role in the description of such processes. So, in addition to the "box" 
diagram we take into account the diagrams with poles provided by a, /o, and resonances 
(see Fig. 2 for the decay 17 t^tttt). Here we neglect the momentum dependence in the box 
diagram, approximating it by a constant. The amplitude is thereby 
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+ :° : ^ + excUed, (74) 



where B is given by the "box" diagram: 



B = 12(^^y Z-'[RnRi2 + ---] (75) 

where dots stand for the contribution from diagrams with form factors, and Rij are taken 
from Table m (for r] and fj). The coefficients Ca■^p^p represent the amphtudes describing decays 
of a scalar to a couple of pseudoscalars; the calculation of them is discussed in the previous 
section. In general, they are momentum-dependent. 

The kinematic invariants s, t and u are Mandelstam variables: s = (p^ri +^^2)^) t = 

The excited" terms are the contributions from excited scalar resonances of a structure 
similar to that for the ground states. The decay widths of processes r) — * rjinT and 17' — > rjir-K 
are thereby 

r^^^^^ ^ 4 MeV, Tr^'-^rt^n ~ 6 MeV. (76) 

For the processes fj KKtt and fj' — s> KK-k we approximate their decay widths by 
neglecting the pole-diagram contribution because it turns out that the "box" is dominant 
here. The result is given in Table |V[ 

Unfortunately, the branching ratios for different decay modes of ?7(1295) and ?7(1440) are 
not known well from experiment; so one can only find their total decay widths 

r^'ll^gg) = 53 ± 6 MeV, T^^^^^,^^ = 50 - 80 MeV, (77) 

which is in satisfactory agreement with our results. 

Strong and electromagnetic decays of the ground states of r] and rj' mesons were already 
investigated withing the framework of the standard NJL model in |]T3 and we do not consider 
them here. 



8. DISCUSSION AND CONCLUSION 

Let us shortly recall some problems concerning the interpretation of experimental data 
on scalar and r/, rj' mesons. Several years ago, attempts were undertaken to consider the 
state 77'(1440) as a glueball There is an analoguous problem with the interpretation 



of scalar states /o(1500) and /o(1710). Moreover, the experimental status of the lightest 
scalar isoscalar singlet meson was unclear. In some papers, the resonance /o(1370) was 



considered as a member of the ground nonet |T5[, and it was not until 1998 that the resonance 
/o(400 — 1200) was included into the summary tables of PDG review^ |[Tl[l . 



^) However, in earlier editions of PDG the light a state still could be found; it was excluded later. 
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One will find a problem of the same sort in the case of Kq. The strange meson A'q(1430) 
seems too heavy to be the ground state: 1 GeV is more characteristic of the ground meson 
states (see [0,|T§). 

From our calculations we conclude that the states ?7(1295) and ?7(1440) can be considered 
as radial excitations of the ground states t] and rj' . The calculation of their strong decay 
widths also confirms our conclusion. Let us note that these meson states are significantly 
mixed. 



In the authors came to similar conclusions about ?7(1295) and ?7(1440) where the 
radial excitations of the mesons were investigated in the potential ^Pq model. 

Our calculations also showed that we can interpret the scalar states /o(1370), ao(1450), 
/o(1710) and K*{14:2{]) as the first radial excitations of /o(400 - 1200), ao(980), /o(980) and 
i^'o(960). We estimated their masses and the widths of main decays in the framework of a 
nonlocal chiral quark model. We would like to emphasize that we did not use additional 
parameters except those necessary to fix the mass spectrum of pseudoscalar mesons. We 
used the same form factors both for the scalar and pseudoscalar mesons, which is required 
by the global chiral symmetry. 

We assumed that the state /o(1500) is a glueball, and its probable mixing with /o(980), 
/o(1370) and /j(1710) may provide us with a more correct description of the masses of 
these states^) (see Table [Til and [|171). We are going to consider this problem in a subsequent 
publication. 

A more complicated situation takes place for the ground state ao(980). In the framework 
of our quark-antiquark model, we have a mass deficit for this meson, 830 MeV instead of 
980 MeV. We suspect that this drawback is due to a four-quark component in this state 



which we did not take into account 



In future we are going to consider glueball states [O] and to develop a model with quark 



confinement |T^ to describe the momentum depentence of meson amplitudes. 
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APPENDIX A: COEFFICIENTS OF THE FREE PART OF EFFECTIVE 
LAGRANGIAN FOR THE SCALAR ISOSCALAR MESONS. 



The functions K^(^^ j,- introduced in Sec. 4 (|37|) are defined as follows 



^) Our estimates for the masses of /o and /q: Mj^ = 1070 MeV and My;^^ = 1600 MeV are expected to 
shift to M/o = 980 MeV and M^^ = 1710 MeV after mixing with the glueball /o(1500). 
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At(';!,i2(-p)=<l2i(-p) = 7,V)(-p' - K ± SO'). (Ai) 



<3,„m = <U(^') = i(r'''''), 



where the "bare" meson masses are 





= (^a(<^),l 


M^9(V.9),1 


= (^a(<p),l 






M^9(<^9),2 


= (^ct(<^),2 



1-1 



1-1 



l(r^(^))33i-8/,(m.; 

^-8//^(m„)), (A2) 

In the case of isoscalar mesons it is convenient to combine the scalar and pseudoscalar fields 
into 4- vectors 

S = (a^ , a'/, 4^, $ = (^^ , v'/, ^ll. (A3) 

and introduce 4x4 matrix functions lCa{ip),iji instead of old -f^^"'^) j^, where indices i,j run 
from 1 through 4. This allows us to rewrite the free part of the effective Lagrangian, which 
then, with the meson fields renormalized, looks as follows 

$) = i E (s,/c.,,,(p)s, + <i.,/c^,,,(p)$,) . (A4) 

and the functions /Co-{^),ij are 

^a(<^),ii(-P) = - {mu ± rriuf - M^8(<^8)_i, 

/C.(^),44(P) = - K ± "^.)' - K'9(^9),2, (A5) 

^aM,12(i^) = ^a{^),2l{P) = ^^r^iP^ " ("^« ± "^«)^)' 
^aM,34(^) = /C^(<^),43(^) = ^a,(r,,)iP'^ - ("^s ± "^s)^), 

/C.(,),13(P) = /C.(.),3l(P) = (^^(,).l^^(,),2)-'/'(3^^^'^^)8V- 

Now, to transform ( [A^ ) to conventional form, one should just diagonalize a 4-dimensional 
matrix, which is better to do numerically. 



APPENDIX B: THE CALCULATION OF THE AMPLITUDES FOR THE 
DECAYS OF THE EXCITED SCALAR MESON Aq 

Here we collect some instructive formulae, which display a part of details of the calcu- 
lations made in this work. Let us demonstrate how the amplitude of the decay do r/vr is 
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obtained. The mixing coefficients are taken from Table |. Moreover, the diagrams where 
pion vertices contain form factors are neglected because, as one can see from Table |, their 
contribution is significantly reduced. 



1.17 • 0.71 -Z"^/^- 0.82 -0.11 



h{rnu)l2\'mu] 



1.17-0.11 ■ \ ^ 0.2 GeV, (Bl) 



T^ioV = - - M,^){0.82 . 0.71Z-V2^ 



himu) 



h{mu)l2{'m) 



The decay width thereby is 



1. 17 ■ 0. 71 ■Z"^/^- 0.82 -0.11 
1.17 . o.li:C^ \ ~ 3.5 GeV. fB2l 



|2 



= Tg^ttM^' ^K + M^ + M^-^(KM^+MiM + M^M^) ^ 160 MeV. (B3) 

Here hiniu) = 0.04, //(m„) = 0.014c, //^(m„) = O.OlSc^, hiniu) = 0.11 GeV-^ //(m„) = 
0.07c GeV~^,/3''^(m„) = 0.06c^ GeV~^ and c is the external form factor parameter factored 
out and cancelled in the ratios of the integrals. 

For the decay into strange mesons we obtain (see Fig.l) 



2Ck {(m, + mu)l2imu) - A/2(m„, m,) - K(M|^ - 2M|.)- (B4) 
2A3]/3(m„,m,)}, 

where A = rris — ruu and 

h{rriu,ms) = -I—— — 7^. B5 

(27r)^ JA3 (m^ — k-^Y^mj — k^) 

The coefficient Ck absorbs the Yukawa coupling constants and some structure coefficients. 
The integral /2(m„,ms) is defined by (^Tj). This is only the part of the amplitude without 
form factors. The complete amplitude of this process is a sum of contributions which contain 
also the integrals I^"^ and ll "^ with form factors. Thus, the amplitude is 
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n,-.K+K-^T^'^+T^^\ (B6) 

^ HbL^Hh^i^ms + mu) ■ 0.13 - A ■ 0.21} ^ 0.2 GeV, (B7) 
2Fk 

^ !I^^±^{K(M„^„ - 2Mi) - 2A3] • 1 GeV-^} 2.3 GeV, (B8) 
Fk - 

The decay width therefore is evaluated to be 

^a,^K+K- = ^ao-^K^KO ~ 50 MeV. (B9) 
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TABLES 



TABLE I. The mixing coefHcients for the ground and first radiaUy excited states of the scalar 
and pseudoscalar isovector and strange mesons. The caret symbol marks the excited states. 





ao 


ao 


0-0,1 
O0,2 


0.87 
0.22 


0.82 
-1.17 





71 


n 


7r2 


1.00 
0.01 


0.54 
-1.14 





K* 


K* 




0.83 
0.28 


0.89 
-1.11 





K 


K 


K2 


0.96 
0.09 


0.56 
-1.11 
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TABLE II. The mixing coefficients for the isoscalar meson states 





V 


V 




rl 




0.71 


0.62 


-0.32 


0.56 




0.11 


-0.87 


-0.48 


-0.54 


9 
Vl 


0.62 


0.19 


0.56 


-0.67 


fl 


0.06 


-0.66 


0.30 


0.82 





a 


a 


/o 


/o 




-0.98 


-0.66 


0.10 


0.17 




0.02 


1.15 


0.26 


-0.17 




0.27 


-0.09 


0.82 


0.71 




-0.03 


-0.21 


0.22 


-1.08 



21 



TABLE III. The model masses of mesons, MeV 





GR 


EXC 


GR{Exp.) 


Q 


EXC {Exp.) 


m 




530 


1330 


400 - 1200 




1200 - 1500 




1070 


1600 


980 ± 10 




1712 ±5 




M 

Mao 


OOU 


iOUU 


983.4 ±0.9 




1474 ± 19 




Mk* 


960 


1500 


905 ± 50 


12 




1429 ± 12 




140 


1300 


139.56995 ±0.00035 


1300 ± 100 


Mk 


490 


1300 


497.672 ±0.031 


1460(?) 




Mr, 


520 


1280 


547.30 ±0.12 


1297.8 ±2. 


8 


Mr,' 


910 


1470 


957.78 ±0.14 


1440 - 1470 
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TABLE IV. r/(1295) and r?(1440) decay modes. 





aovr 


Tja 


riTTTT 


KKiT 


KK* 


Ttot 


r?(1295) 


3 MeV 


30 MeV 


4 MeV 


5 MeV 




48 MeV 


77(1440) 


10 MeV 


3 MeV 


6 MeV 


26 MeV 


70 keV 


45 MeV 
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FIGURE CAPTIONS 



Diagrams describing decays of clq to pseudoscalars. 

Diagrams describing the decay fj — > rjmi. The black box stands for the sum of "box" 
diagrams represented by one-loop quark graphs with four meson vertices. The rest 
of the diagrams is a set of pole graphs with the a, /o and scalar resonances. The 
diagram with gq is to be taken into account for two channels (due to exchange of the 
pions momenta). There are analogous contributions from radially excited resonances. 
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FIGURES 
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FIG. 1. 
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FIG. 2. 
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